We compared the survival of F-specific RNA coliphage MS2, feline calicivirus, and E. coli in normal tap water and in tap water treated to an initial concentration of 50 ppm free chlorine and held at 4°C, 25°C, or 37°C for up to 28 days. Our aim was to determine which of these two organisms (coliphage or E. coli) was better at indicating norovirus survival under the conditions of the experiment. There was a relatively rapid decline of FCV and E. coli in 50 ppm chlorine treated water and both organisms were undetectable within one day irrespective of the temperature. In contrast, FRNA phage survived for 7 to 14 days in 50 ppm chlorine treated water at all temperatures. All organisms survived for 28 days in tap water at 4°C, but FCV was undetectable on day 21 and day 7 at 25°C and 37°C, respectively. Greater survival of FRNA phage compared to E. coli in 50 ppm chlorine treated water suggests that these organisms should be further investigated as indicators of norovirus in depurated shellfish, sanitized produce, and treated wastewater which are all subject to high-level chlorine treatment.
Introduction
Water is an important vehicle for the transmission of infectious micro-organisms including enteric viruses [1] [2] [3] [4] [5] . The treatment of water is aimed at eliminating these infectious disease risks. However, enteric viruses are resistant to water treatment and may therefore be present in treated waters [6, 7] . Since noroviruses (NoVs) are a leading cause of food and waterborne illnesses throughout the world [8, 9] , experts have called for routine water monitoring for viruses as a safeguard against waterborne viral diseases [1, [9] [10] [11] [12] . However, routine monitoring for pathogenic viruses in water is currently not feasible because of the lack of simple and inexpensive methods for detecting low levels of viruses in large volumes of water [11] .
Detection of fecal coliform bacteria above certain levels is regarded as an indication of infectious disease risk in water and food [6] . However, there is little correlation between survival of enteric viruses and fecal indicator bacteria and hence, failure to detect coliforms does not always indicate a lack of infectious disease risk [13] . F-specific RNA coliphages (FRNA phage) have been proposed as alternate indicators of enteric viruses [14, 15] because they are similar to enteric viruses and because two of the four serotypes of FRNA phages are commonly associated with water impacted by human waste [16] [17] [18] .
Despite the interest in FRNA phages as indicators of virological risk in the environment, studies that directly compare their survival with that of enteric viral pathogens and bacterial indicators have not been reported. This is partly due to the fact that enteric viral pathogens such as NoV cannot be cultured in vitro. In light of this, feline calicivirus (FCV), a closely related member of the family Caliciviridae has been adopted as a surrogate of NoV in survival and sanitizer efficacy studies [19] [20] [21] [22] . The aim of this study was to compare the survival of FRNA phage MS2 (ATCC15597-B1), FCV strain F9 (ATCC VR-782), and E. coli Famp (ATCC 700891) in water at different temperatures and two different levels of residual chlorine to assess which of the two indicator organisms (E. coli or FRNA phage) would be a better indicator of NoV in water.
Methods

Virus and Cell Culture
Strain F9 of FCV (ATCC VR-782) was propagated and titrated in monolayers of Crandell-Reese feline kidney (CRFK) cells as previously described [23, 24] . Cells grown in 96-well plates were used for virus titration using four wells per dilution and viral titers were calculated using the method of Reed and Muench [25] .
Coliphage F-specific RNA coliphage MS2 (ATTC 15597-B) was grown and titrated according to EPA method 1601 [26] . Briefly, a 1 ml aliquot of phage stock was added to 30 ml of an exponential culture of E. coli Famp (ATCC 700891) followed by incubation at 37°C overnight. The culture was centrifuged at 6,000 X g for 15 min followed by filtration of the supernatant through a 0.45µm membrane filter. For coliphage titration, serial 10-fold dilutions of the sample were made in tryptic soy broth (TSB) and 1 ml of each dilution was mixed with 200 µl of an exponential culture of E. coli Famp and 3 ml of 0.75% tryptic soy agar (TSA). This mixture was poured on the top of a solidified bottom agar layer (1.5% TSA contained in a Petri dish) and allowed to solidify. The plates were then inverted and incubated at 37°C for 24 hours. Plates with 30-300 plaques were counted and the titer recorded as PFU/ml.
Bacteria
An overnight culture of E. coli Famp (ATCC 700891) was prepared by placing 1 ml of a stock culture into 25 ml of 3% TSB followed by incubation overnight at 37°C on a rotary shaker (Lab-line Inc, Melrose Park, IL). To obtain an exponential culture, 1 ml of the overnight culture was added to 25 ml of fresh 3% TSB and incubated for 4-6 hours at 37°C. The exponential culture was titrated by the pour plate method [27] . In brief, the culture was serially diluted in TSB and 1 ml of each dilution was added to 20 ml of molten TSA (at approximately 45°C).
After thorough mixing, the mixture was poured into a Petri dish and the agar was allowed to solidify. The plates were then incubated in an inverted position at 37°C for 24 hours after which bacterial colonies were counted and recorded as CFU/ml. The aliquots of the exponential culture were collected by centrifugation and washed with phosphate buffered saline before being used in bacterial survival studies.
Experimental Plan
Samples of tap water (containing an average of 0.1 ppm free chlorine residual) and tap water to which 5.25% sodium hypochlorite was added to a final concentration of 50 ppm free chlorine were autoclaved, cooled, and aliquoted in 50 ml amounts in 250 ml screwcapped glass bottles. Free chlorine concentration was confirmed with 3,3,5',5'-tetramethylbenzidine (TMB) impregnated test strips (Industrial Test Systems Inc., Rock Hill, SC) according to the manufacturer's instructions before starting the experiment. The bottles were labelled and inoculated with the appropriate test organism (MS2, FCV, or E. coli). After thorough mixing for 30 sec, a 1 ml sample was withdrawn and assayed to determine the initial titer of the test organisms. Inoculated bottles were stored at 4°C, 25°C, or 37°C for a total of 28 days. Samples (1 ml) were removed on days 0, 1, 7, 14, 21, and 28 and tested for the appropriate organism.
Data Analysis
Average log 10 survival from three separate experiments was used to calculate mean D-values (number of days needed for 90% reduction in titer) from the regression line fitted to a plot of mean log 10 survivors against time [28] .
Titer changes of the three microorganisms at each chlorine level (tap or 50 ppm chlorine treated) and temperature (4°C, 25°C, and 37°C) were compared by analysis of variance (ANOVA). Statistical analysis was performed with Statistical Analysis System (SAS) software (SAS Institute, Gary, IN) and EpiInfo 2002 (CDA, Atlanta, GA).
Results and Discussions
Initial titers were approximately 10 6 TCID 50 /ml for FCV, 10 9 PFU/ml for MS2 phage, and 10 9 CFU/ml for E. coli. There was relatively rapid decline of FCV and E. coli in 50 ppm chlorine treated water and both organisms were undetectable within one day irrespective of temperature (Table 1 ). In contrast, FRNA phage survived for up to 14 days in 50 ppm chlorine treated water. All organisms survived for 28 days in tap water at 4°C. However, FCV was undetectable on day 21 at 25°C and on day 7 at 37°C. The reduction in titers of E. coli and FRNA coliphage were significantly lower in tap water than in 50 ppm chlorine treated water at all temperatures (p-value <0.05; Welch-Satterthwaite t-tests). However, at 25°C and 37°C the difference in FCV titer reduction in tap water versus 50 ppm chlorine treated water was not statistically significant (p-value >0.05; Welch-Satterthwaite t-tests). Due to rapid extinction of the test organisms in 50 ppm chlorine treated water, D-values were not calculated for this level of treatment.
The D-values and coefficient of determination (r 2 ) of mean log 10 survivors against time in tap water are given in Table 2 . Regression plots of log 10 survivors against time for tap water are shown in Figure 1 . Except for FCV at 37°C, D-value determinations could be made for each organism in tap water at all levels of temperature and r 2 values ranged from 0.73 to 0.99. As shown in Table 2 , the D-values of FCV showed the greatest amount of change with increasing temperature, with a difference of over an order of magnitude between 4°C and 25°C. In contrast, the D-values of E. coli increased slightly as temperature increased and were more than twice as high as the D-values of FRNA phage and FCV at 37°C. The D-values of FRNA phages decreased slightly with increased temperature. Survival curves with fitted regression lines were constructed for the challenge organisms at each level of temperature in tap and 50 ppm chlorine treated water at 4°C (A), 25°C (B), and 37°C (C). Regression lines were fitted to curves that consisted of at least 4 data points. Pathogenic viruses are a significant health risk in water [29, 30] . In fact, there is a great deal of concern about the potential for large outbreaks of waterborne diseases by pathogens such as NoV [3, 31] . This concern is exacerbated by the inability to conduct water monitoring for important viral pathogens. In this preliminary assessment, we examined comparative survival and chlorine resistance of a candidate viral indicator, a coliform bacterium, and a NoV surrogate virus to generate hypotheses for testing in more rigorously designed studies. There are two important limitations in the design of this study that must be pointed out. First, we did not account for chlorine demand by the labware and/or the microbial inocula used in the study; and second, chlorine decay was not tracked during the experiments. While both of these limitations could cause overestimation of chlorine resistance, neither affected our ability to determine survival of the challenge organisms after exposure to chlorinated water.
Long-term environmental stability of NoV is suggested by epidemiological studies [32, 33] ; however, this cannot be confirmed experimentally because of the inability to grow NoVs in vitro. Detection of genetic material has been used as a measure of NoV survival [34] ; however, this is likely to overestimate infectious potential and should be interpreted carefully [35] . The survival and disinfection of FCV has been extensively studied [19, 20, 22, [36] [37] [38] [39] [40] [41] . Because FCV is stable in the environment at temperatures below 25°C and is highly resistant to commercial disinfectants, it is being widely used as a surrogate of NoV [21] .
The significantly greater survival of FRNA phage compared to E. coli suggests that the former would be a good conservative marker of NoV in depurated shellfish, sanitized produce, and treated wastewater which are all subject to high-level chlorine treatment. The rapid decay of FCV in 50 ppm chlorine treated water was somewhat surprising because it has been shown to be highly resistant to chlorine in previous efficacy studies [21, 22] . Due to a substantially lower initial concentration of FCV compared to E. coli and FRNA phage, reliable comparisons could not be made between the decay rates of FCV and the other two organisms in 50 ppm chlorine treated water. However, the D-values of the two viruses in tap water decreased with temperature and were more closely correlated with each other than with the D-values E. coli. The unexpected increase in E. coli titer with increasing temperature was probably due to more rapid chlorine decay at higher temperatures and resulting growth of the E. coli inoculum [42] . These findings suggest that F-specific coliphages are relatively resistant to chlorination and may be useful, conservative indicators of virological risk associated with products that are subject to disinfection with moderate to high concentrations of chlorine based sanitizers.
